Abstract. As typical weak visual reference systems, highway tunnels have low illumination, monotonous environment and few references, which may cause severe visual illusion and reduce drivers' speed perception ability. Thus, drivers tend to underestimate their driving speed, which may induce speeding behaviours that result in rear-end collisions. The cost-effective pavement markings installed on both sides of the lane or shoulder may make drivers overestimate their speed. This perception can help ensure safe driving and regulate driving behaviour effectively. This study analyses the effects of sidewall markings in typical low luminance highway tunnels, specifically observing how their angles and lengths affect the driver's speed perception. A three-dimensional model of highway tunnels was built in a driving simulator. Psychophysical tests of speed perception were carried out by the method of limits. The simulation tests studied the Stimulus of Subjectively Equal Speed (SSES) and reaction time in relation to sidewall markings with different angles. Furthermore, based on the optimal angle, the effects of sidewall marking with different lengths on speed perception were also analysed. The test results reveal that the angle and length of sidewall markings have a significant impact on the driver's SSES and reaction time. Moreover, the level of speed overestimation decreases with the increase of angle or length of sidewall marking. As the angle of sidewall marking gradually increases, the maximum reaction time first increases and then decreases. Within the angle of sidewall marking of 15°, the subjects have the highest speed overestimation and an easy speed judgment. This may due to Zöllner illusion, the driver's perception of lane width shrinks may induce deceleration behaviour.
Introduction
China has the largest number of highway tunnels in the world. As of 2015, there were 14006 highway tunnels in this country, with a total length of 12683900 m. The dark, narrow, and monotonous environment in highway tunnels offers few reference points and is prone to cause severe visual illusion (Du et al. 2014) . Thus, drivers tend to underestimate their driving speed, which can induce speeding behaviours that result in rear-end collisions. Surveys from the Highway Traffic Police Department in China reveal that 38% of traffic accidents are closely related to drivers' illusion of their driving speed (Zhang et al. 2014) . Additionally, a domestic survey shows that up to 40% of the accidents occurring in the Yuyuan highway and Shangsan highway are attributed to speeding (Guo 2006) . However, there are close links between real speed and perception speed; namely, the increase in a driver's perception speed is about two times the decrease in real speed (Recarte, Nunes 1996) . Therefore, it is worthwhile to explore an effective way to control the driving speed in highway tunnels by identifying ways to increase the driver's perception speed, lowering the real speed, and ultimately reducing the accident rate and intensity.
While driving in highway tunnels, drivers tend to lose or reduce the ability to assess their own speed. It is probably due to the lack in the drivers' peripheral vision of the visual stimulations compared to open road sections. In the field, information from the surrounding landscape is often used unconsciously by drivers as an external reference for speed perception (Wan et al. 2016 ). What's more, lighting is certainly a primary factor that affect the driving performance in highway tunnels. Yeung found that drivers perceived artificial lighting as impairment in their visual performance when compared driver's perspective in open road sections and highway tunnels (Yeung et al. 2013) .
By means of driving simulator experimentation, Domenichini analysed the driving performance in Light-Emitting Diode (LED) lighted tunnels and High-Pressure Sodium (HPS) lighted tunnels, the results revealed that simulated LED lights often induced a better driving behaviour under some aspects (Domenichini et al. 2017) . However, the lighting system represents the most expensive operative cost of a tunnel. It is essential to find solutions and technologies that can reduce energy costs without affecting traffic safety.
There are many speed control methods, such as setting speed limit signs, auxiliary driving system, etc. The real-time speed limit sign is underdeveloped. Therefore, it is difficult to be followed by the drivers. Because of the high cost, the current penetration rate of auxiliary driving system is very low. As an alternative low-cost solution for traffic safety, pavement markings can use the visual illusion to control the driving speed. It is easy for the drivers to understand and accept, and it also has a good visual recognition under low luminance environment. Transverse pavement markings installed on both sides of the lane or shoulder and placed at an angle to the driving direction can make drivers overestimate their real speed and feel that the lane is gradually narrowing. Such marking treatment can regulate driving behaviour and ensure traffic safety effectively (Drakopoulos, Vergou 2003; Galante et al. 2010) . However, the enclosed environment in highway tunnels is conducive to dust accumulation on pavement caused by vehicle exhaust, which decreases the reflectivity of such pavement marking treatments. Fortunately, installing marking treatments on the tunnel sidewall can mitigate these adverse effects to a certain extent.
Pavement markings, especially the transverse lines with decreasing spacing, have been shown to decrease vehicle speeds in some situations (Denton 1980; Charlton 2007a Charlton , 2007b . According to Godley, both transverse and vertical markings at constant or decreasing spacing can lead to speed reduction. In addition, transverse markings contribute more to speed reduction than vertical markings (Godley et al. 2000) . The transverse pavement marking treatments can effectively reduce curve speeds, especially shortly after initial installation. Moreover, such treatment was more effective at reducing speed in the lane next to the shoulder than in the median lane (Gates et al. 2008) .
Chevron pavement markings or herringbone pavement markings can both produce an appreciable reduction in speed as well as improved drivers' lane position (Godley et al. 2002; Charlton 2007a Charlton , 2007b . Such treatments can also be used to highlight perceptual cues in highway curves, ramps or tunnels (Retting et al. 2000; Gilmore et al. 2013) . Hunter investigated the effectiveness of converging chevron pavement markings in reducing vehicle speeds on freeway ramps. The results indicated that effect was most pronounced shortly after implementation of the markings. By the ninth month after installation, however, the effect had dropped to less than 5 km/h difference in the mean speed (Hunter et al. 2010 ). Ding used driving simulation to analyse the effectiveness of speed reduction markings in downhill sections. The results revealed that longitudinal speed reduction markings were more effective than transverse speed reduction markings (Ding et al. 2015) . Xia focused on the design pattern of city tunnel sidewall and the fuzzy elevation method was applied to evaluate the performance of wave pattern and arrow pattern. Moreover, the comfort and rationality of the new design patterns had been verified (Xia et al. 2017) .
The perception of speed can be influenced by the orientation of stimuli relative to their motion axis (Georges et al. 2002) . In fact, the installation of pavement markings that have a certain angle to the driving direction may create the Zöllner illusion. Consequently, the driver's perception of lane width shrinks (or expands), which can induce deceleration (or acceleration) (Lewis-Evans, Charlton 2006; Park et al. 2012) . Moreover, when the angle of the pavement markings ranges between 10-15°, the effect of the Zöllner illusion reaches peak impact (Prinzmetal, Beck 2001; Wenderoth, Burke 2006) .
The size (width, height) of the stimulus along the motion path is crucial for the speed misjudgement (Castet et al. 1993; Ryan, Zanker 2001) . Consequently, the length change of sidewall marking can influence the driver's speed perception, and may contribute to speed control in highway tunnels.
A review of previous studies showed the following issues with research regarding speed control methods based on pavement marking:
-a lack of quantitative investigation on how the angle and length of sidewall marking affects driver's speed perception; -to evaluate speed perception, speed is usually chosen as the single index, which means the degree-ofdifficulty concerning that speed perception is not studied; -previous studies paid more attention to the application of pavement markings, and were not developed to analyse the speed perception impact of sidewall marking in highway tunnels; -previous studies focused on the effect of marking treatment on speed control in highway curves or highway ramps, however, that a quantitative investigation of speed perception in the low luminance conditions typically encountered in China's highway tunnels need further research. Speeding behaviour results in an increase of traffic accidents in China's highway tunnels. Installing sidewall marking is a low-cost traffic safety solution that can improve a driver's speed perception and effectively control driving speeds. With the help of Stimulus of Subjectively Equal Speed (SSES) and reaction time, this paper quantitatively investigates how the angle and length of sidewall markings affect the drivers' speed perception in tunnels by using a driving simulator. The results of this research can provide a reference guide for the effective design of sidewall marking.
Materials and methods
There is a high risk associated with real vehicle testing in highway tunnels as well as a dependency on tunnel sidewall marking installation, which would affect traffic flow and management while increasing testing expenses. In order to overcome these difficulties and avoid the poor reproducibility inherent in that method, this study used Autodesk 3ds Max® (https://www.autodesk.com/products/3ds-max/overview) to establish a highway tunnel driving simulation model (Wan et al. 2015) . Autodesk 3ds Max® is a 3D computer graphics program, which can be used to making 3D animations, models and images. In addition, the driving simulator in this paper can be supported by Autodesk 3ds Max®. The realistic driving environment is set by V-ray. The V-ray is a third-party render engine plug-in for Autodesk 3ds Max®. It uses global illumination algorithms, which can enhance the immersion aspect of a simulation experiment. Then, an E-Prime 2.0 was used to conduct the psychophysical speed perception tests. EPrime 2.0 software is commonly used in psychological experiments and can produce text, image and sound stimuli. Finally, test data were statistically analysed by Origin 8.5 and SPSS 20.0.
Driving simulator
The test was conducted in the Wuhan University of Technology, Intelligent Transport System, High Definition (WUTITS-HD), an advanced driving simulator produced by Wuhan University of Technology ( Figure 1 ) (Wan et al. 2015) . The driving simulator used in the experimentation is a full scale, dynamic simulator, with steering wheel with force feedback. The visual system includes 5 LED digital screens providing a 180° forward field of view and 3 LED screens for the rear view mirrors, the screens all have a resolution of 720p (1280×720 pixels). Sounds and noise are generated by a multichannel audio system. The effective sampling rate of this simulator is 1 Hz. The simulator can be applied to study the issues related to road traffic safety under controlled experimental conditions. These issues include driver behaviour analysis, automatic driving simulation and traffic guidance design.
Participants
Participants were selected according to the following criteria: possession of a Chinese valid driver's license, with at least 3 years of driving experience, an annual driving distance greater than 6000 km. Statistically, the ratio of male and female drivers in China is 7:3 according to the related report of the Ministry of Public Security in 2012 (Zhang et al. 2014) . Accordingly, a total of 20 subjects were selected for this test, including 14 males and 6 females (Table 1 ). The ages of the subjects ranged from 22 to 47 (mean = 29.9 years and SD = 7.4 years). Their driving experience (measured in terms of years of driving license possession) varied between 3 years and 25 years (mean = 9.5 years and SD = 7.5 years). All the participants had normal or corrected eyesight above 5.0. 
Test method
The method of limits, also called the method of minimal change, is a direct method to measure threshold (Guo, Yang 2004 ). This method is used to find the instantaneous transition point or threshold position from one reaction to another by changing the stimulus (in either an increasing or decreasing order) in small, equal intervals. SSES is defined as the real driving speed in a comparison scene in which the perceived speed is the same as that in the standard scene (Shen et al. 2005) . The method of limits is used in this paper to determine the SSES. Two Figure 1 . Advanced moving base simulator speed stimuli are adopted in the test, one increasing and the other decreasing. The strength of the increasing stimulus gradually increases from a low value where the perceived speed in the comparison scene is lower than that in the standard scene. In contrast, the stimulus strength in a decreasing order decreases from a high value, starting from a higher perceived speed in the comparison scene than the standard scene. Once the subject feels the opposite stimulus (i.e. the perceived speed in the comparison scene slower than that in the standard scene changes to faster, and vice versa), the real speed in the comparison scene is the SSES. The obtained threshold has a certain level of error (i.e. an inherent increment exists in all of the thresholds for increasing stimuli and vice versa). The ABBA method was used in this study to correct this error, where ' A' denotes the speed stimulus in an increasing sequence and 'B' denotes the stimulus in a decreasing sequence (Shaughnessy et al. 2014; Weafer, Fillmore 2015) . The tests were carried out in a sequence of ABBA. To guarantee the reliability, each group test was repeated four times. As a result, each test has 20×4×4 = 320 sample points. The E-Prime 2.0 software is an operating system used to conduct psychology experiments. In this paper, EPrime 2.0 was used to conduct the process described above.
Reaction time is one of the most common response variables in psychology (Guo, Yang 2004) . In this paper, the reaction time is defined as the interval of time between the application of a stimulus and the detection of a reaction. E-Prime 2.0 software can automatically record the period between stimulus and reaction.
Test procedure
This paper adopted a repeating method, which involved a large amount of data but created high accuracy and reliability, offering the advantages of simple operation, excellent repeatability and high safety of the video simulation test.
The detailed operation steps are presented as follows: -before the formal test, the subjects have to get familiar with the test for 10-15 min with the help of experiment operators, performing three preexperiments randomly; -a laptop computer was used to run the E-Prime 2.0 software in the simulator. The video simulation test was started by pressing 'Q' on the keyboard, which triggers the video to play on the simulator screen.
The distance between the screen and the subject's eyes is 6 m; -3 sec of preparation time is reserved for each subject before starting the comparison video; -the subject is required to watch the road ahead and judge the relative speed of the comparison stimulus in relation to the standard stimulus as soon as possible (within 10 sec); -if the subject feels that the perceived speed in the left video screen is higher than that in the right video screen, he or she should press the left button of the handle. On the contrary, if the perceived speed in the right video screen appears higher than that of the left video screen, the subject should press the right button; -after each test with a certain angle and length of visual information, the test is stopped and the subject takes a 3 min break.
Precision checks
There is a certain distortion for simulation test compared to the field test. Experiments were carried out in this study to examine the precision of the simulation test compared to the field test. Figure 2 illustrates the field scene as compared to the simulation scene (Wan et al. 2015) . A driving speed of 74 km/h was taken in the field scene and a speed of 74 ± 20 km/h (with a minimum interval of 2.5 km/h) was taken in the simulation scene. The SSES measured by the method of limits was 75.12 km/h. The error between the predicted speed from the proposed model and the measured result is -1.50%, which is well within a 5% margin of error. The results from one-sample t-tests show that the p-value exceeds 0.05 (Table 2 ). The accuracy of the model, therefore, has no significant difference between the simulation test and the field test, thereby validating the effectiveness of the proposed simulation model. The 100% standard luminance refers to the Guidelines for Design of Lighting of Highway Tunnels (2014), using the lighting design in the Enlai highway tunnel in the Hubei province as an example. 100 W of HPS was arranged bilaterally and symmetrically with an interval of 10 m. The luminous efficacy of the HPS is 110 lm/W with a colour temperature of 1800 K and an average pavement luminance of 4.5 cd/m 2 . A single-sided lamp arrangement was used for the 50% standard luminance. Additionally, the power of two headlights is 60 W with a colour temperature of 1800 K.
Test results of SSES
The distribution of SSES under different values of θ are obtained by E-Prime 2.0 software using the method of limits. The results are shown in Figure 5 and Table 3 . Test 8 120 68.9 ± 3.6 + 13.9 ± 4.5
Test 9 135 69.7 ± 3.2 + 12.9 ± 4.0
Test 10 150 70.7 ± 2.5 + 11.6 ± 3.1
Test 11 165 72.0 ± 2.3 + 10.0 ± 2.9
Notes: speed in the standard scene = 80 km/h; the degree of speed illusion = (speed in the standard scene-SSES)/speed in the standard scene; '+' denotes speed overestimation, '-' denotes speed underestimation.
From Figure 5 and Table 3 , the following can be observed:
-the descending order of the degree of speed illusion for different angles is 15°→ 30°→ 45°→ 60°→ 75°→ 90°→ 105°→ 120°→ 135°→ 150°→ 165°. -the angle of the sidewall marking has a significant impact on the SSES (p = 0.009 < 0.05), which was analysed by one-way ANalysis Of VAriance (ANO-VA) in SPSS 20.0 (p-value = 0.05).
Test results of reaction time
First, obtained the average value of reaction time under different conditions of θ, and then completed the normal curve fitting of the average value using Origin 8.5:
where: e and π are constants; x is the independent variable representing driving speed; y is the dependent variable representing reaction time; x c is the expected value of the driving speed; σ is the standard deviation of the driving speed. The derived distribution of reaction time is shown in Figure 6 . Table 4 shows the related parameters of normal curve fitting.
From Figure 6 and Table 4 , the following can be observed:
-as the angle of the sidewall marking gradually increases, the maximum reaction time first increases gradually, and then gradually decreases. The maximum reaction time value (2.8 sec) occurs at 90°. The maximum reaction time reaches its relative minimum value (2.46 or 2.35 sec) when the angle is 15 or 165°; -the angle of the sidewall marking has a significant impact on the maximum reaction time (p = 0.014 < 0.05), which was analysed by one-way ANOVA in SPSS 20.0 (p-value = 0.05). Within the angle of sidewall marking of 15°, the subjects have the highest speed overestimation and an easy speed judgment (minimum maximum reaction time). Accordingly, 15° should be chosen as the value of the angle for sidewall marking design in highway tunnels.
Speed perception test considering the length of sidewall marking

Test scene design
The standard speed perception test stimulus uses the driving simulation video based on a common section of highway (see Figure 2b) . The test used sidewall markings with different lengths as comparison stimuli. The standard stimulus speed was 80 km/h. The comparison stimuli speed ranged from 55 to 75 km/h, with an interval of 2.5 km/h. The standard test scene remained the same throughout the test. The comparison test scenes are shown in Fig. 7 and the detailed scenes are presented as follows: Scene 1 (l = 1.25 m), Scene 2 (l = 3.75 m). Fig. 8 shows the SSES distribution and Figure 9 shows reaction time distribution.
Test Results
From Figures 8-9 and Table 5 , it can be seen that: -the SSES increases with the increase of the length of sidewall marking. Therefore, the test results reveal that speed overestimation is the most obvious when the length of sidewall marking is 1.25 m; -the maximum reaction time has a minimum value with a length of 1.25 m. Therefore, these results show that subjects were more sensitive to the speed variation when the length of sidewall marking is 1.25 m; -the length of sidewall marking has a significant impact on the SSES (p-value = 0.027 < 0.05), which was analysed by one-way ANOVA in SPSS 20.0 (pvalue = 0.05). -the length of sidewall marking has a significant impact on the maximum reaction time (p = 0.034 < 0.05), which was analysed by one-way ANOVA in SPSS 20.0 (p-value = 0.05). Within the length of sidewall marking of 1.25 m, the maximum speed overestimation occurs and speed judgment is easiest (minimum maximum reaction time). Accordingly, 1.25 m should be chosen as the value of the length for sidewall marking design in highway tunnels. 
Discussions
Using the design forms (such as the width, interval and temporal frequency) of speed reduction markings to control a driver's speed has a number of practical applications and can obtain effective results. However, existing studies always chose the speed index to evaluate the effectiveness of speed reduction markings, especially concerning the maximum speed overestimation (Shen et al. 2005) . However, a high level of speed overestimation can easily lead to drivers to experience nervous feelings and increase their mental workload. Therefore, an appropriate level of speed overestimation is beneficial in reducing speeding behaviour and improving traffic safety. Further research is still required to determine exactly what degree of the speed overestimation is most beneficial to traffic safety. This paper introduced the reaction time index from experimental psychology to analyse the workload of speed perception. A shorter reaction time indicates that speed perception is easier, which helps the driver understand and interpret the design of traffic markings. Generally, the closer the real driving speed in a comparison scene matches the SSES, the longer reaction time the subjects will take to make a speed judgment between the comparison scene and standard scene. Therefore, the maximum reaction time occurs at the speed x = x c . However, the low threshold of reaction time can leave drivers more time to deal with emergencies and improve driver's sensitivity to speed variation, which is beneficial to driving safety in highway tunnels.
This paper studied the short-term reaction of drivers to various stimuli. Whereas adaptation causes an underestimation of speed, attention leads to an overestimation of speed (Anton-Erxleben et al. 2013) . If the drivers accumulate greater exposure, they may get familiar with the traffic and environmental conditions in highway tunnels. This familiarity could reduce the speed control effect of traffic markings, decrease the accuracy of speed perception and increase the reaction time (Manser, Hancock 2007; Gates et al. 2008) . However, the lengths of most highway tunnels are less than 1.0 km and the normal travel time in highway tunnels in China does not regularly exceed 30-40 sec. Overall, the improvements suggested in this paper are beneficial to control speed.
Because of the persistence of vision (Carmel et al. 2007) , reducing the length of sidewall marking may increase its temporal frequency in drivers' vision. Figure 10 illustrates the persistence of vision, t 1 is the duration of persistence of vision, and v is the driving speed. At time t 1 + t 2 , drivers can see real image and virtual image at the same time; the virtual image can help increase the temporal frequency of traffic marking. This may result in drivers' speed overestimation.
Since a remained the same throughout the test, the temporal frequency of sidewall marking is fixed actually. When the length of white marking is 1.25 m, the subjects have the lowest speed overestimation. However, when the length of red marking is 1.25 m, the subjects have the highest speed overestimation. This may be because the drivers are more sensitive to red marking than the white marking. If the colour of sidewall marking is changed, the results may be quite different.
Conclusions
The effects of tunnel sidewall markings on the driver's speed perception have been investigated and statistically validated using a driving simulator. Moreover, the SSES and the reaction time are combined to evaluate the driver's visual illusion. Using the appropriate angle and length of sidewall markings can make drivers overestimate their speed and improve their sensitivity to speed variation. This finding can be used to help regulate drivers' unintended acceleration behaviours in highway tunnels in low luminance conditions where there is a lack of ambient visual references. Moreover, a certain degree of speed overestimation can restrain drivers' speeding behaviour effectively, which is beneficial to driving safety in highway tunnels. Further research is needed to examine the transferability of these findings for long-term reaction experiments. In addition, the different conditions (another tunnel section, other lighting conditions or a combination of different variables) could complement this study in future research.
